Abstract A novel modeling method is presented for indexing and normalizing natural gas endowments of petroleum provinces. The approach is demonstrated with data from Canada, the Unites States, and Latin American and Caribbean (LAC) countries. A variable shape distribution model (VSD) is used to fit the conventional natural gas endowment published by the United States Geological Survey (USGS) for 29 provinces in LAC countries and 85 provinces in Canada and the United States. These data are indexed and normalized to generate curves showing number of provinces versus normalized endowments. Results are compared with normalized endowments from provinces in other regions around the world, including Europe, Asia Pacific, the Middle East, North Africa, and the former Soviet Union (FSU). The comparison gives the method predictive power for estimating the natural gas endowment, particularly in LAC provinces that at present have little exploration activity. Of particular importance is the fact that all the curves of the various regions display a generally concave pattern throughout. The exception is the LAC curve, which displays the shape of an inverted S and has a distinct convex pattern at the largest gas endowment volumes. This comparison suggests there is potentially a large volume of natural gas in the region that has not been considered in previous studies.
Introduction
There is a significant endowment of hydrocarbons in North, Central and South America, which given enough research and development, may help satisfy the energy needs of these regions for several decades to come (Aguilera and Aguilera 2010) . The data used in Aguilera and Aguilera (2010) were published originally by the USGS (1995, 2000) , the Minerals Management Service (MMS 1996) and Klett et al. (1997) . The present study concentrates on indexation and normalization modeling of the conventional natural gas endowment in Canada, the United States, and Latin American and Caribbean countries (LAC). It then compares these results to normalized curves from other regions around the world in order to gain insights about regions with underestimated endowments. This paper does not include unconventional sources of gas such as tight gas, shale gas or coal bed methane. It uses the definitions of the USGS (2000) study (Table 1) . Each of the USGS definitions that deal with volumes can be applied to petroleum or to oil, natural gas and natural gas liquids (NGL) separately. Conventional petroleum is the sum of oil with more than 15 degrees API, gas and NGL. Figure 1 is a diagram explaining the relation between some of the definitions that are most relevant to this paper. Both known volumes and future volumes are used to develop the variable shape distribution graphs for Canada and the United States, LAC, Europe, Asia Pacific, Middle East and North Africa, and the FSU. Note that North America, as defined by the USGS, includes Canada, the United States and Mexico. The LAC countries presented in our study include Mexico, while there is a separate evaluation for the Unites States and Canada.
The shape variation is one of the unique and important points of the methodology used in this paper. Similar approaches have been used in the past, but all of those methods incorporate constant shapes. Based on our observation of global USGS data, the constant shape technique is not as reasonable as the variable shape method proposed in this paper. In Sect. 5, we explain the VSD methodology, highlight its advantages and demonstrate that the variable shape distribution model (VSD)-in addition to handling variable shapes-also encompasses the assumption of constant shapes considered in previous methods. In efforts to align the USGS (2000) definitions with those developed by the Society of Petroleum Engineers/World Petroleum Congress/American Association of Petroleum Geologists/Society of Petroleum Evaluation Engineers (2011) in the Petroleum Resources Management System (PRMS), we have compared terminology as shown in Fig. 2 . The comparison applies to classes associated with the chance of commerciality.
There is always uncertainty in petroleum province size estimation because of data shortages in the oil and gas industry. As such, there are uncertainty levels inherent in the USGS reports. Generally, the larger the reservoir the larger the amount of available data, thus reducing the uncertainty associated with the largest province (which is critical for the indexations proposed in this paper). The USGS publicizes the mean values, which are the volumes used in this paper as a starting point. These uncertainties extend necessarily to the VSD model. However, once the mean values of the USGS are accepted as reasonable, the results of the VSD work well. This statement is supported by (i) coefficients of determination (R 2 ) that are generally greater than 0.98, and (ii) VSD-estimated endowments that are very similar to those published by Table 1 Terms and definitions used throughout this study. USGS (2000) definitions are highlighted by asterisks Cumulative production* The reported cumulative volume that has been produced.
Endowment volume* The sum of the known volume (cumulative production plus remaining reserves) and undiscovered volume.
Future volume* The sum of the remaining reserves and undiscovered volume. Cumulative production does not contribute to the future volume, neither does reserve growth.
Known volume* The sum of cumulative production and remaining reserves.
Petroleum province* An area having characteristic dimensions of perhaps hundreds to thousands of kilometers encompassing a natural geologic entity (for example, sedimentary basin, thrust belt, delta) or some combination of contiguous geologic entities.
Remaining reserves* The volume in discovered fields that has not yet been produced. Remaining reserves are equal to known volumes minus cumulative production.
Reserve growth* The increases in known volumes that commonly occur as fields are developed and produced. It is synonymous with field growth and appreciation.
Undiscovered volume* The volumes postulated by the USGS, from geologic information and theory, to exist outside of known volumes.
Future reserve growth This accounts for growth in future volumes (Aguilera 2006) .
Index
The volume of conventional natural gas in the province with the largest gas endowment in a given region.
Normalized endowment
The endowment volume of natural gas in each petroleum province divided by the index in a given region.
Fig. 1
The relationship between cumulative production, remaining reserves and undiscovered volumes, terminology from USGS 2000 (Aguilera 2006) the USGS. The core of the USGS procedure is the use of high quality geologic evaluations, specialized techniques like reservoir-simulation modeling, discovery-process modeling, and application of geologic and production analogs. Probability distributions are also used in the USGS study to account for the uncertainty associated with estimating undiscovered volumes.
Study Area
Figure 3 shows a map that includes Canada, the United States, and LAC-the primary study areas in this paper. The secondary study areas, included for comparison purposes, are Europe, Asia Pacific, the Middle East, North Africa, and the FSU. The . In the USGS report, Mexico's endowment is included in the North America region. In this paper, Mexico is included within the LAC assessment. The LAC results are then compared with normalized endowment from other regions around the world USGS province codes, names and gas endowments of petroleum provinces in the United States and Canada are presented in columns 1, 2 and 4 of Table 2 , respectively. The same information for LAC petroleum provinces is presented in Table 3 .
There are a total of 85 petroleum provinces assessed by the USGS for Canada and the United states (in addition to seven provinces showing zero gas endowment and one province, Salina Basin, with less than 100 billion cubic feet of gas [BCFG] ). For LAC countries, there are 30 petroleum provinces assessed by the USGS (but no data are available for province 5310, Sierra Madre de Chiapas-Peten Foldbelt). As a result, our study includes only 85 petroleum provinces for Canada and the United States and 29 petroleum provinces in LAC countries. Tables 2 and 3 include the mean conventional gas endowment (column 4) for each province as reported by the USGS, the normalized gas endowment (column 5), the calculated endowment (column 6) and the calculated normalized endowment (column 7). The mean conventional gas endowment includes undiscovered volumes estimated by the USGS. It does not include reserve growth or unconventional sources of gas. The actual and calculated data are also presented in Fig. 4 for Canada and the United States, and Fig. 5 for LAC countries, as log-log cross plots of the cumulative number of provinces in the abscissa versus the normalized gas endowment in the ordinate. The black diamonds represent natural gas endowments published by the USGS. The solid blue continuous line corresponds to the endowments calculated with the VSD model. The variable part of the VSD name is meant to distinguish it from the crossplots utilized in fractal analysis, which is based on a constant shape (i.e. a straight line on log-log coordinates). The straight lines are not observed on the crossplots of hydrocarbon endowments presented in this paper or those prepared previously by Aguilera (2006) and Aguilera et al. (2009) . The comparison of the USGS data and VSD modeling results is good, as corroborated by visual inspection and a coefficient of determination (R 2 ) equal to 0.99. However, a comparison of the VSD curves with the USGS (1995, 2000) , MMS (1996) and Klett et al. (1997) endowments show that there are some differences at certain levels. The differences are accounted for in Figs. 4 and 5 by plotting 20% horizontal error bars. Note that in nearly all cases, the 20% error bars exceed the difference between the USGS-and VSD-calculated endowments. Table 2 and Fig. 4 show that the USGS endowment for Canada and the United States in 85 petroleum provinces is 1687 trillion cubic feet of gas (TCFG). This compares well with 1684 TCFG estimated by the VSD model. Table 3 and Fig. 5 show that the USGS endowment for LAC in 29 petroleum provinces is 857 TCFG. This too compares well with 855 TCFG estimated by the VSD model. Figure 4 also includes a VSD curve (magenta squares) which predicts the endowment for all 172 petroleum provinces recognized by the USGS to exist in Canada and the United States. The estimated endowment is equal to 1,921 TCFG. The predictive power of the VSD is good as shown in Sect. 5 and in previous studies by Aguilera (2006) and Aguilera et al. (2009) . Figure 5 accounts for 128 petroleum provinces recognized by the USGS to exist in LAC countries. In this case, the VSD-estimated endowment is 1487 TCFG. The methods used to generate, index and normalize these data are discussed next.
Variable Shape Distribution Model
The methodology used to develop the VSD curves shown in Figs. 4 and 5 has been published previously in the literature of Aguilera (2006) and Aguilera et al. (2009) and therefore is not repeated here. However, for completeness and to facilitate the flow of the paper, the VSD modeling equation is shown below
subject tô
where a p = absolute value of slope of straight line approximated from USGS sample points (same as absolute value of slope of Pareto distribution), N m = minimum number of USGS provinces, N t = cumulative number of provinces, N x = maximum number of provinces, S = severity exponent that controls the steepness of the slope of the estimated VSD curve where it separates from the Pareto straight line (on the right tail of the distribution, typically near the largest volumes), V m = minimum USGS province volume, V s = separation parameter that controls the point at which the VSD curve begins to deviate from the Pareto straight line (generally on the right tail of the distribution, near the largest volumes), = estimated volume of a province, and V x = maximum volume given by the Pareto straight line (at N m = 1). The actual maximum volume could be larger than, equal to, or smaller than V x , ψ = separation ratio that controls the amount of separation between the Pareto straight line and the estimated VSD curve (on the right tail of the distribution, near the largest volumes). Table 4 shows five parameters that are estimated in the VSD equation: V x , a p , V s , ψ , and S. These parameters are used to obtain the best possible fit of the USGS endowments for Canada and the United States (Fig. 4) , LAC countries (Figs. 5, 7 and 8), and other normalized regions considered in this paper (Figs. 6a to 6g) . Fundamentally, the question that must be asked is: does any of this make sense geologically? We think it does and this is supported in publications by researchers of the USGS (Drew 1990 (Drew , 1997 Drew et al. 1979 Drew et al. , 1988 Crovelli and Barton 1993; Barton and Scholz 1995) . They discovered that as exploration advanced in a given area, there was a continuous on-going discovery process that could best be modeled at the time with a power law distribution. Drew (1997) published a significant book with data from different areas (e.g. the Frio Strandplain play in Texas) explaining the importance of geology in the discovery process. His data showed that, as the number of discoveries increased, the mode of the reserves volumes was not constant but rather was decreasing continuously. This led him to conclude that nature's parent population of petroleum resources followed a log-geometric distribution. The relation between log-geometric and Pareto distributions have been further discussed by Charpentier et al. (2007) . Drew and his colleagues work was innovative, though an actual straight line (i.e. constant shape) on log-log coordinates was never reached. Essentially, they had to truncate their data based on economic considerations to obtain a straight line. This was one of the motivations for the development of our VSD model, where the line does not have to be truncated at any point and the volumes are constrained only by the number of USGS-defined provinces. The USGS Frio Strandplain data are used in Sect. 5 to demonstrate the predictive power of the VSD.
Indexation and Normalization Modeling
In this study, the selected index is the natural gas volume of the province with the maximum endowment for each region (marked by asterisks in Tables 2 and 3 ). For example, the index for the USGS data shown in column 2 of Table 4 for LAC is equal to 221.679 TCFG. The index for the VSD-calculated LAC data is 222.040 TCFG, as shown in column 3. The indices for the other regions are also presented in Table 4 . Normalization is carried out dividing the endowment of each petroleum province by the index (or maximum endowment) shown in Tables 2 and 3 . Using the maximum endowment for this purpose is reasonable as our experience generally shows that the largest amounts of data are available for the largest reservoirs. (F) Middle East and North Africa, and (G) the world. These graphs were developed following the same procedure described above. Visual inspection of the modeling shows that fits, vis-a-vis the USGS endowments, are always good with coefficients of determination (R 2 ) greater than 0.98. Figure 6a shows that in the case of LAC countries, the curve resembles an inverted S and has a convex shape at large normalized province sizes (or endowments). However, the USGS and VSD curves for other regions (curves in Figs. 6b to 6g ) generally have concave shapes throughout, with the possible exception of the FSU. Are the shape differences simply a coincidence or the result of significantly different geologic features? These are possibilities but they are unlikely. A plausible explanation is that the convex shape is the result of lack of research and exploration for natural gas in LAC countries. Our experience from working in all the LAC countries is that exploration and drilling density per unit area of sedimentary basins is very small, although to our knowledge this has not been published explicitly in the literature.
If the LAC curves had concave shapes like other regions around the world, the conclusion might be reached that LAC gas endowments could be larger, as shown by the VSD comparisons of concave and convex curves in Fig. 7 . The data used to generate the concave curve in Fig. 7 are presented in the second LAC line of Table 4 . The VSD model indicates that the concave curve assumption would add approximately 222 TCFG to the LAC endowment of 855 TCFG (from the convex shape) resulting in a grand total of 1,077 TCFG for the 29 provinces evaluated by the USGS in the region. Note that the concave line starts at the same maximum endowment (province 1) as the convex line in Fig. 7 . The next data points (USGS provinces 2 to 12 in Table 3 , represented by black diamonds in the convex line of Fig. 7 ) are replaced by VSD values calculated with control parameters shown in the second LAC line of Table 4 . The idea of the concave curve is that it has to fit the maximum endowment as well as the smaller endowments in provinces 13 to 29. The same approach is used to generate Fig. 8 , where the control parameters are identical except for the number of provinces that in this case are 128. The modeling shows that if the previously unassessed provinces in LAC countries are also taken into account, the concave assumption-presumably emanating from additional research and exploration-will increase the LAC endowment from 1,487 to 1,816 TCFG, a significant increase of 329 TCFG. The natural gas endowment in 172 provinces recognized by the USGS to exist in Canada and the United States is also large (1,921 TCFG, as shown in Fig. 4 ). Combining this with the LAC countries gives a total endowment of conventional natural gas for the Western Hemisphere equal to 3,777 TCFG that should lapse for several decades.
Variable Shape Distribution Validation
The validation of the VSD model is demonstrated in this section with data published by the USGS (Drew 1990 (Drew , 1997 Crovelli and Barton 1993; Barton and Scholz 1995) . All these authors assumed a constant shape (a Pareto-type straight line on log-log coordinates) in the evaluation of the Frio Strandplain play in Texas. The Frio Strandplain geology and depositional system have been summarized by Drew (1990 Drew ( , 1997 . Observed field-size distribution for the Frio Strandplain play, onshore Texas. The distribution has three segments representing the cumulative number of fields discovered through the specified year (Drew 1990 (Drew , 1997 Crovelli and Barton 1993; Barton and Scholz 1995) (Crovelli and Barton 1993) The original distribution of production data are presented in Fig. 9 for three different periods, through 1960 periods, through , 1970 periods, through and 1985 that the parent population of oil and gas fields was log-geometric. His equivalent log-log crossplot for the distribution to 1985 is shown in Fig. 10 (Crovelli and Barton 1993) . The graph truncates seven data points corresponding to the smaller field sizes because of economic and exploration considerations. Crovelli and Barton (1993) stated that a correlation coef- Fig. 11 Log-log plot by time segments of cumulative frequency of oil and gas fields vs. field size (Barton and Scholz 1995) Fig. 12 Log-log plot by time segments of cumulative frequency of oil and gas fields vs. field size to 1960 and best fit obtained with the VSD model. The hydrocarbon endowment is not truncated and is shown even for small fields that were not economic at that point in time. The VSD fits the USGS data with a coefficient of determination (R 2 ) equal to 0.98 (Barton and Scholz 1995) Fig. 13 Log-log plot by time segments of cumulative frequency of oil and gas fields vs. field size and best fit obtained with the VSD model to 1960 (Barton and Scholz 1995) . Also shown is the predicted distribution of the VSD to 1970 ficient of −0.97 indicates a good fit where −1.0 is a perfect negative fit. We propose that this is an appropriate though approximate fit to the data and that extrapolation of the line to smaller field sizes may be a valid basis for prediction of the ultimate undiscovered petroleum in field-size classes less than or equal to eleven. Although we agree that their fit is good for the truncated data set, we show it can be improved with the VSD model (even without truncating the data). Figure 11 contains data we digitized from a publication by Barton and Scholz (1995) . This log-log plot is equivalent to the graph in Fig. 9 . The data from Barton and Scholz are not truncated as in the case of Fig. 10 . The following demonstrates a step by step application of the VSD:
(1) Figure 12 shows the exact same USGS data represented by the lower curve in Fig. 11 , but now we have added a continuous solid line that is calculated with the VSD model using the following control parameters: a p = 0.61, N m = 1, N t = 1 to 315.01, N x = 315.01, S = 2.3, V m = 0.032, V s = 3000, V x = 50,000, ψ = 0.2. Visual inspection shows a very good fit that is supported by a coefficient of determination (R 2 ) equal to 0.98. (2) Given the information in step 1, what would be the predicted theoretical distribution for 500 fields discovered in the Frio Strandplain play? The answer is provided by the VSD model in Fig. 13 using the exact same control parameters as shown in step 1. The only difference is the number of fields that is now N x = 500.01. Figure 14 brings in the actual data for the 500 fields as it occurred (Barton and Scholz 1995) in 1970 (shown in Fig. 11 ). The predicted distribution is excellent with an R 2 equal to 0.98. (3) Finally, what would be the predicted theoretical distribution for 700 fields discovered in the Frio Strandplain play? The answer is provided by the VSD model in Fig. 15 using the exact same control parameters shown in step 1. Again, the only difference is the number of fields that are now N x = 700.01. Figure 16 brings in the actual data for the 700 fields as it occurred in 1985 (shown in Fig. 11 ). The predicted distribution is excellent once more with an R 2 equal to 0.98. The data in Fig. 16 are not truncated as in the case of Fig. 10 , which eliminates seven data points with the smallest field sizes. Even though we do not truncate a single data point in Fig. 16 , the fits with the VSD curves are very good. This gives the methodology presented in this paper an imperfect yet remarkable predictive power.
The same types of fit have been obtained with the VSD model for several cases throughout the world. The method is not a panacea but is certainly a significant improvement for predicting the endowment of hydrocarbons in places where the geoscience and engineering data are limited. As discussed, the method is robust as it allows matching actual data when the shape of the curve on log-log coordinates is concave, convex, or straight. For the latter, ψ = 1.0, N x is very large (for example, N x = 1E+50), and V m is very small (for example, V m = 1E-50). This is because Pareto's straight line can theoretically reach infinitesimally small sizes and an infinite number of fields. For this situation, the V s and S values do not have any significance 1960, 1970 and 1985 . The VSD fits the USGS data with coefficients of determination (R 2 ) equal to 0.98 (Barton and Scholz 1995) . Graph also includes Pareto straight lines for two different cases, neither of which are as accurate as the curves generated with the VSD model but they could remain as in this example (V s = 3,000 and S = 2.3). The values of a p and V x would also remain the same (a p = 0.61 and V x = 50,000). The parameters would generate the outer dashed straight line shown in Fig. 17 . If we want to generate a straight line cutting more data points, as in the case of Fig. 10 , we could maintain the same parameters but make V x equal to 25,000. This generates the dashdot straight line in Fig. 17 . Although this shows that the VSD model encompasses fractal or Pareto distributions, note that none of the straight lines in Fig. 17 are as accurate as the curves generated by the VSD.
Conclusions
Indexation and normalization of the natural gas endowment has been demonstrated with the use of a variable shape distribution model and data published by the USGS for Canada, the United States, and LAC. The VSD model encompasses fractal or Pareto distributions as well as the deviations from straight lines on log-log coordinates. The normalized modeling results for Canada, the United States, and LAC have been compared with other regions including Europe, Asia Pacific, the Middle East and North Africa, and the FSU using log-log crossplots of cumulative number of provinces versus the normalized sizes of provinces. The comparison shows that the LAC curve has a clearly unique convex shape at the larger normalized endowments, while the complete curve has the shape of an inverted S. This is different than the other regions considered (with the possible exception of the FSU) that generally show distinctive concave shapes throughout the lengths of the curves. The unique shape of the LAC curve suggests that the LAC natural gas endowment is probably much larger than estimated in previous studies. The endowment for 29 provinces evaluated by the USGS is 857 TCFG (855 TCFG using the VSD model), while the endowment for 128 provinces recognized by the USGS to exist in LAC countries is estimated at 1,487 TCFG by the VSD model. If the VSD curve is assumed to be concave throughout (as opposed to convex at the largest provinces), the endowment is estimated at 1,077 TCFG for 29 provinces and 1,816 TCFG for 128 provinces. Extended research, exploration and development should help move the LAC curve towards a more concave shape. BCFG billion cubic feet of gas FSU former Soviet Union GEM global energy market LAC Latin America and the Caribbean MMS Minerals Management Service TCFG trillion cubic feet of gas USGS United States Geological Survey VSD variable shape distribution model
